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Abstract:

The recent development of optogenetic tools, to manipulate neuronal activity using
light, provides opportunities for novel brain-machine interface (BMI) control systems
for treating neurological conditions. An issue of critical importance, therefore, is how
well light penetrates through brain tissue. We took two different approaches to
estimate light penetration through rodent brain tissue. The first employed so-called
“nucleated patches” from cells expressing the light-activated membrane channel,
channelrhodopsin (ChR2). By recording light-activated currents, we used these
nucleated patches as extremely sensitive, microscopic, biological light-meters, to
measure light penetration through 300-700pm thick slices of rodent neocortical tissue.
The nucleated patch method indicates that the effective illumination drops off with
increasing tissue thickness, corresponding to a space constant of 317um (95%
confidence interval between 248-441pum). We compared this with measurements taken
from directly visualizing the illumination of brain tissue, orthogonal to the direction of

the light. This yielded a contour map of reduced illumination with distance, which

along the direction of light delivery, had a space constant, 7, 453pum. This yields a lower

extinction coefficient, p. (the reciprocal of 7, ~3mm-") than previous estimates, implying

better light penetration from LED sources than these earlier studies suggest.

(192 words)

Introduction

The development and design of optogenetic brain machine interfaces (Deisseroth, 2011; Paz
et al., 2013; Zaaimi et al., 2021), for clinical use, will rely heavily on accurate models of the
different biological, physical and engineering elements. One critical issue is how well light
penetrates through brain tissue to activate the opsins, because this will dictate the extent of
influence of an implanted light source on the network. Light penetration is affected by
reflection and refraction at the point of entry into the tissue, and subsequently by scattering
and absorption effects. The Beer-Lambert law states that the radiant energy will decay with
e H*, where L, is the extinction coefficient and x is the distance traversed through the tissue.
The extinction coefficient y, is the sum of the scattering ug and absorption u, coefficients. It
is important to measure the coefficient value specific to the wavelength of the relevant opsin,

and for the brain tissue in question, and also take into consideration the type of light source.
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Previous attempts to characterize the optical properties of tissue have mostly used collimated
light sources (Aravanis et al., 2007; Dong et al., 2018; Yona et al., 2016). However,
implantable light emitters will have beam profiles which deviate significantly from
collimated beams. A further issue is that the measurements in these experiments typically
utilized macroscopic light sensors, integrating almost instantaneously (Aravanis et al., 2007;
Yona et al., 2016). In optogenetic applications, though, the effective light sensor could either
be considered to be the opsin molecule, or alternatively the cell, both of which are
microscopic, and integrate light over milliseconds. Both the size and integration properties of
the sensors may affect the estimates of how well light penetrates through the tissue. We
were interested, therefore, to revisit this question of light penetration through interposed
tissue, employing opsin molecules as sensors — that is to say, using the actual biosensors that

would be used in any actual implementation of optogenetic brain control.

Opsins are well suited for this purpose: they constitute highly sensitive light detectors, which
transduce the light into a readily recordable electrical signal. The task, however, is more
difficult than simply recording a neuron at a set distance from the light source, because
neurons have extensive processes, which represent a very distributed physical structure in the
tissue, with the different elements at variable distance from the light source. These different
neuronal processes also vary greatly in their excitability, and the subsequent transduced effect
on the membrane potential is then filtered and summated by the electronic structure of the
cell; consequently, the recorded signal is a complex function of the direct effect of the light

on the optogenetic proteins.

To measure light penetration, ideally, one would like to use a point light-sensor, which is
clearly not the case for an intact neuron. Nor can this be achieved easily using outside-out
patches, since the number of opsin proteins in an outside-out patch is typically tiny, meaning
that the response is quantal, and ill-suited for mapping out a light-response curve. A different
technique, in which the entire neuronal soma is pulled off with a patch electrode — termed a
“nucleated patch” (Bekkers, 2000; Gurkiewicz and Korngreen, 2006) — creates a minuscule
structure, typically around 10um across, but which may have hundreds to thousands of opsin
molecules within the membrane. These recordings can, in principle, generate both small and
large light-induced currents, depending on the level of illumination, but it is necessary still to
calibrate these responses, since each nucleated patch differs in its content of opsin molecules.
To do this, we created a recording chamber in which a nucleated patch could be illuminated
from two different sources: for one of these, the microscope, we were able to measure
accurately the illumination power onto the nucleated patch, and this provided the calibration

for each recording; light from the other source, an LED, passed through brain slices of
3
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81  different thicknesses to illuminate the nucleated patch. We measured light-response curves
82  for both light sources, for each nucleated patch, and calculated the discrepancy (the
83  “correction”) between the two light responses, to derive the progressive reduction in light
84  penetration for increasing distance travelled through brain tissue. We compare these results
85  with measures taken from directly visualizing scattered light, orthogonal to the direction of

86  illumination (Dong et al., 2018).
87

88 Methods

89  Nucleated patch-clamp recordings

90  All animal handling and experimentation was done according to UK Home Office guidelines
91 and the requirements of the United Kingdom Animals (Scientific Procedures) Act 1986. Mice
92  were housed under a 12:12 h light/dark cycle with free access to food and water. All efforts

93  were made to minimize animal suffering and the number of animals used.

94  Dissociated neuronal cultures — All cells were maintained in a humidified incubator at 37°C,

95  CO; (5%): air (95%), and all culture reagents were purchased from Gibco, (ThermoFisher
96  Scientific, Paisley, UK), unless otherwise stated. Primary dissociated neuronal cultures were
97  prepared from embryonic rat pups (E18-20). Pregnant Sprague—Dawley dams (<350g) were
98  sacrificed by cervical dislocation and pups were removed and decapitated. Neocortical and
99  hippocampal tissue was dissected and transferred to ice cold dissection media (DM, HBSS +
100  Ca?/Mg?*, 100mM HEPES, 1mM glucose). For enzymatic dissociation, tissue was incubated
101  with papain (2units/ml, diluted in DM, Sigma Aldrich) at 37°C for 40mins, washed with DM
102  and then culture medium (Neurobasal A, 2% B-27 supplement, 0.5% foetal bovine serum
103 (FBS), 0.5% glutamate, 0.5% antibiotic—antimycotic). Cells were suspended in culture
104  medium (10ml) and manually triturated using serological pipettes of decreasing diameters
105  (25ml, 10ml, 5ml). Cells were counted using a haemocytometer, diluted and plated (1x10°
106  cells in 0.5ml culture medium per well) into 24 well plates containing sterile glass coverslips
107  (thickness ~0.19mm; Thermo Scientific) pre-coated overnight with poly-D-lysine (10pg/ml
108  diluted in ddH,0, Sigma-Aldrich, Gillingham, UK). Culture medium was replaced 24hrs post-
109  plating and subsequently half-changed every 3 days in vitro (DIV), with culture medium

110  lacking FBS to minimise glial cell proliferation.

111 To achieve ChR2 expression, at DIV 7, cells were incubated with a 3" generation lentiviral
112 vector (LVV) encoding ChR2 (hSyn-EYFP-ChR2(H134R), ABM Inc, Vancouver, Canada).
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113 The LVV was diluted in culture medium to a final concentration of 10 MOI (i.e. 10 viral

114 particles per cell). Cells were used for experiments between DIV 12-17.

115  Acute brain slice preparation - Adult C57/BL6 mice (2-4 months) were sacrificed by cervical

116  dislocation and brains were immediately transferred to ice-cold oxygenated (95% 02/5%
117  CO2) artificial cerebrospinal fluid (ACSF: 125mM NacCl, 26mM NaHCOs;, 10mM glucose,
118  3.5mM KCI, 1.26mM NaH,PO,, 3mM MgCl,). Coronal brain slices (300, 500 and 700pum
119  thickness) were prepared using a vibrating microtome (LEICA VT1200; Leica Microsystems
120  (UK) Ltd, Milton Keynes, UK). Slices were then transferred to a oxygenated submerged
121 incubation chamber containing ACSF (as above except with ImM MgCl, and 2mM CaCl,).

122 Patch-clamp electrophysiology — Segments of coverslips with cultured neurons transduced
123 with LVV-hSyn-EYFP-ChR2(H134R) were transferred to the recording chamber, alongside
124  acute brain slices fixed by a harp directly over the CREE LED. Cultured neurons expressing
125  the EYFP fluorescent marker were selected under direct visual guidance (SLICESCOPE,

126  Scientifica, Sussex, UK) fitted with a CooLED pE epifluorescence imaging system (Andover,
127  UK) and recorded in whole-cell patch-clamp mode. For all recordings, cells and brain slices
128  were continuously perfused with oxygenated ACSF (32°C). Patch-pipettes with a resistance
129  of 5-7 MQ were made from borosilicate glass capillary tubes (0.86mm internal diameter;
130  Harvard Apparatus, Cambridge, UK) using an electrode puller (P-87; Sutter Instrument Co,
131  CA, USA). Patch-pipettes were filled with intracellular solution (K-methyl-SO, 125mM,
132 Hepes 10mM, Mg-ATP 2.5mM, NaCl 6mM). Both the microscope objective and headstage
133 positioning were controlled by individual micromanipulators (Patch star PS-700C;
134 Scientifica, East Sussex, UK) enabling precise movements over three axes (x, y and z). Patch-
135  clamp recordings were made using an Axopatch 700B amplifier/Digidata 1440A interface
136  (Axon Instruments; Foster City, CA, USA), controlled by Clampex 10.5 software (Molecular
137  Devices; Foster City, CA, USA). Signals were sampled at 10 kHz and low-pass filtered at 2
138 kHz.

139 Nucleated patch recordings — after achieving whole-cell recording mode and verifying that

140  the cell expressed ChR2 through a test illumination, a “nucleated patch” was pulled (Figure
141  1C) (Bekkers, 2000; Gurkiewicz and Korngreen, 2006). In brief, this was done by having a
142 very gentle suction (~<20psi), and drawing the electrode directly back, very slowly (over ~1-
143 2mins), until the nucleated somatic bleb, on the end of the electrode, separates from the rest
144 of the cell. This typically happens when the electrode tip has been drawn back about 50-
145  100um. This technique creates a large, outside-out patch, containing the nucleus of the cell,

146  which displays macroscopic currents, and, importantly, also allows one to move the patch
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147  electrode. The nucleated patch could thus be relocated precisely above the CREE-LED, and
148  separated by neural tissue of a specified width.

149 [llumination sources- The mini-LED illumination was provided by a CREE DA2432 LED

150 (470 nm emission peak, dimensions: 320 x 240 pum). The mini-LED was mounted on a

151  silicon shaft and sealed using a Poly-DiMethyl-Siloxane (PDMS) silicone sealant as per
152  (Dong et al., 2018). The probe was placed below the recording chamber, which was itself
153  mounted on a light microscope (BX61, Olympus), as shown in Figure 1A,B. The mini-LED
154 was powered by an isolated pulse stimulator (2100, A-M SYSTEMS, Hinckley, UK);
155  enabling control of the amplitude, frequency and duration of the current. Brain slices of
156  different thickness were placed above the mini-LED, as illustrated in Figure 1A. This
157  configuration enabled illumination of the tissue from underneath using the mini-LED or from
158  above using the microscope LED illumination (465nm). The LED light intensity at its source
159  was estimated using a 50mm integrating sphere (Laser2000) configuration (Figure 1F). A
160  conversion of 1.05 mW/mA was achieved in the range 1-5mA with minimal droop effects.
161  Though This was to provide a ballpark figure of intensity, as the final calculation of the
162  space constant for light penetration through the tissue was performed by normalizing the
163  mini-LED illumination. This normalization was done in part, also to address factors such as
164  the reflectance at several interfaces (air/glass/water — see the schematic diagram in Figure
165 1B) that lay between the mini-LED and the nucleated patch, and which were difficult to
166  quantify experimentally, but which were constant for all experiments. The mini-LED

167  intensity was altered over a 5-fold range, for the nucleated patch illumination.

168  The microscope illumination was provided by a CooLED epifluorescence system (Andover,
169  UK), allowing the illumination to be varied over a 100-fold range. The illumination was
170  further modulated by placing neutral density filters (Thorlabs; 64-fold reduction) within the
171 microscope light path (Total light range ~6400-fold).

172 Light intensity at focal point — We first measured the total power of the epifluorescence light

173 delivered through the 40x PlanFluor microscope objective, without neutral density filters,
174  using a Thorlabs PM120VA photodiode sensor. The spread of light at the focal plane was
175  photographed, and the cross-section was approximated to a Gaussian distribution (Figure 1E).
176  The light intensity onto the nucleated patch was then estimated to be the fraction of the total
177  power (the integral from —oo to +o), subsumed by the central 10pm (~diameter of a nucleated
178  patch pulled from a putative pyramidal cell) (~0.1% of the total power). Peak irradiance was
179  estimated to be 26.4 mW/mm?, at 100% microscope illumination power and without any

180  neutral density filters. The nucleated patch could be moved freely, since the electrodes were

6
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181  mounted on Patchstar micromanipulators (Scientifica Ltd); for all light responses, we moved
182  the nucleated patch to the centre of LED illumination (which could be estimated very
183  accurately through the microscope), and since it was also centred within the field of view of

184  the microscope, this effectively aligned the peak illumination from both sources.

185  Data analysis — traces were down-sampled by factor of 10, low pass filtered using a -3.0dB
186  cutoff at 40Hz. Mean and peak photocurrents over the 200ms illumination period were

187  calculated, from 2-5 repeat trials per nucleated patch.
188
189  Light penetration experiment

190  Figure 4 (A-C) shows the light penetration measurement experimental setup. Brains were
191  extracted from 6 weeks old C57BL6 mice, after cervical dislocation. The brains were then
192 dissected in two hemispheres along the sagittal line. Each hemisphere was subsequently cut
193  along the dorsal surface forming a 90- degree angle between the dorsal and sagittal planes.
194  The brain hemisphere was placed in a microscope (Olympus BX 61, upright) stage chamber
195  submerged in ACSF (Figure 4c) at room temperature with the dorsal surface (b) facing
196  upwards for observation through the microscope lens (Olympus 2.5X NA, (f). The sagittal
197  plane (a) was placed facing a 400um diameter cannula tip (d) connected to a LED via a fibre
198  optic (e). lllumination was performed using CoolLEDs precise Excite LEDs (470 nm, 585
199 nm). Light penetration measurements were taken with an Andor iXon DV887 back
200  illuminated EMCCD camera and the images of the brain dorsal surface acquired with Andor

201 Solis software.

202

203 Results

204  Nucleated patch biosensor method for measuring light penetration

205  We took two different approaches to measuring light penetration through blocks of mouse
206  brain tissue. The first, used cultures of neurons expressing the light-activated opsin,
207  ChannelRhodopsin-2 (ChR2) to create microscopic biosensors for measuring light
208  penetration through different thicknesses of brain tissue. The experimental configuration is
209  illustrated in Fig 1. Nucleated patches were pulled from cultured neurons, expressing ChR2.
210  The electrode, with the attached nucleated patch, was then moved away from the cultures, to
211  another location directly above an LED light source that was mounted below the recording
212 chamber. In most recordings, there was additionally a slice of mouse brain tissue between
213 the light source and the nucleated patch, ranging between 300-700um thick. Other
7
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214  recordings were also made without brain slices (“Oum thickness”, although note that the
215  distance from the LED source was approximately the same as for recordings with 300pum
216  thick brain slices), to allow other causes of reduced illumination to be estimated. The
217  nucleated patch was positioned at the focal point for the microscope objective, allowing us
218  also to illuminate it from above, in a highly controlled fashion, using the epifluorescence light
219  path of the microscope. Importantly, this meant that the LED and the microscope
220  illuminations were both aligned, and centred on the nucleated patch, since this could be

221  visualised, and translocated precisely by the micromanipulators controlling the electrode.

222 Figure 1. Using nucleated patch recordings to measure optogenetic activation through
223 brain tissue. (A) Photograph of the recording arrangement, showing a glass cover slip of
224 cultured neurons expressing ChR2 in the recording chamber, together with a brain slice of
225  specified thickness (300 / 500 / 700um). The LED was placed below glass at the bottom of
226  the recording chamber, and also underneath the brain slice, allowing light to be delivered
227  either from below, from the mini-LED, or above, through the microscope objective. (B)
228  Schematic of the recording arrangement, as viewed from the side. (C) Cultured neurons
229  expressing ChR2 tagged to eGFP (left panel, epifluorescence; middle panel, DIC; right
230  panel, combined images). (D) Same visualization of a nucleated patch, pulled from one of
231 the labelled cultured neurons, and then positioned just above the brain slice. (E) Profile of
232 illumination delivered through the microscope objective. (F) Measuring the mini-LED light
233 intensity with an integrating sphere.

234

235  We delivered 250ms steady-state light illumination (square pulses of light delivery), at
236  different intensities, generating reliable light responses with a large amplitude peak current
237  occurring within the first 50ms, which then desensitised (Fig 2A). At the higher currents
238  surface temperatures on the LEDs can rise several degrees over this timescale in air. But as it
239  was separated from the tissue medium, we have assumed no heating effects. Similarly, no
240  heating effect was expected from the microscope illumination. The expected optical
241  irradiance was significantly below the threshold for optically induced heating seen by
242 Stujenske (Stujenske et al., 2015).

243 Using the pulse methdology, we were able to generate four light-response curves: two using
244 light delivered from the microscope, and based upon the peak current (Fig 2B, black trace),
245  and the “steady-state” current (mean of the final 100ms; Fig 2B, red trace)) respectively, and
246  two equivalent curves from illumination by the LED (Fig 2D), which additionally passed
247  through different thickness blocks of mouse brain tissue (Fig 2E,F). With the mean currents
248  across the population of recordings, the relative difference between the microscope and LED

249  illuminations (which was the key measure) were virtually identical for the calculations from
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250  the peak and steady state currents, but the variance was much less for the peak measures, so
251  further analyses focused upon those. We made detailed analyses of 16 recordings, in which
252  we were able to map out the entire light-response curves, extending well beyond saturation.
253  We were thus able to normalise these light responses according to the saturating current.
254  Reflecting the fact that the light-sensitive component, the ChR2 molecule was identical in all
255  cases, these light-response curves were extremely reproducible, with very low variance
256  between recordings (Fig 2E,F).

257

258  Figure 2. Microscope and LED illumination induce equivalent light-response curves. (4)
259  Three different light responses, from a nucleated patch clamp, induced by optically activating
260  ChR2 from above, through the microscope objective (units represent the %age of maximal
261  illumination (no neutral density (ND) filters). Maximal illumination, at the focal point, where
262  the nucleated patch was located, was measured to be 26mW/mm?. (B) The light response
263 curve, for the same nucleated patch, measured either for the peak current, or for the mean of
264 the final 100ms of illumination (an approximation of the steady state current). (C) Example
265  light responses from the same nucleated patch, when illuminated from below, through 700um
266  of brain tissue. The units represent the different currents passed through the LED. (D) The
267  light response curve for the LED illumination for this nucleated patch, but plotted relative to
268  the measured output of the LED at its source. The discrepancy between these measures, and
269  those made using the microscope illumination (B), is because the light from the LED
270  additionally passes through air, glass and brain tissue (see Fig 1B). (E) Pooled data from 4
271  nucleated patches, for the peak currents. (F) Pooled data from 4 nucleated patches, for the

272  late currents.

273  These measurements generated, for each nucleated patch, a pair of light response curves, one
274  generated from the microscope, and a second from the LED and for which light additionally
275 passed through different lengths of brain tissue. The abscissa values plotted for the LED
276  were the values of the light intensity at the LED itself, at its source for specifed currents
277  passing through the LED (I-5mA currents, =~1-5.3 mW light output, estimated using an
278  integrating sphere, Fig 1F; see Methods). Light then was dissipated by the experimental
279  arrangement as it passed through several interfaces (air/glass/saline/tissue, all of which will
280  contribute to the reduced illumination of the nucleated patch). This meant that the LED data
281  was always shifted by some amount to the right of the microscope data, which was the true
282  illumination level onto the nucleated patch. The correction therefore provides a measure of

283  light dispersion between the LED and the nucleated patch.

9
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284  We derived a best fit from the microscope data. Importantly, simply shifting the LED data
285  always created an excellent alignment with the microscope data (Fig 3A). We calculated the
286  “correction” to achieve an optimal match for each pair of light-response curves, to provide an
287  estimate of the effective light attenuation from the LED light source. This correction, in
288  terms of the log-units of illumination, was then plotted with respect to the thickness of the
289  brain tissue (Fig 3B). Significant attenuation of the light signal was observed in the absence

290  of neural tissue in the bath.
291

292  Figure 3. Aligning LED illumination and microscope illumination to estimate light
293 penetration through cortical tissue. (A) Illustration of the derivation of the “LED
294  correction” applied to data sets with light penetration through either (4i) 300um brain tissue
295  or (4ii) 700um brain tissue. The fit from the “ground-truth” microscope measurements, for
296  which we have precise illumination intensity at the location of the nucleated patch (the focal
297  plane of the microscope objective) is shown in red. The correction is how far this best fit
298  needs to be shifted, to provide the best fit for the LED data (for which illumination
299  measurements are imprecise). (Bi) Pooled data for all nucleated patches (16 cells, 4
300  measures taken without brain tissue, and 4 each for brain slices of 300um, 500um and
301 700um thickness). (Bii) The same data set, offset by the mean of the data taken without a
302  brain slice, to correct for other experimental sources of reduced light delivery (light
303 dispersion, passing through the bottom of the recording chamber). We made a linear fit
304  (note, however, that the ordinate scale is logarithmic), which has a gradient of -1.4 log;
305  unmits/mm of tissue (1 log unit drop in 735um), indicating a space constant, T = 319um.

306

307  Assessing the whole data set, there was a highly significant effect of brain slice thickness (1-
308 way ANOVA, F = 2949, p<0.001), with significantly larger corrections required for
309 increasing slice thickness, indicative of progressive attenuation of the light beam as it passes
310 through the tissue. Pairwise comparisons for each group showed highly significant
311  differences for every comparison (Table 1), except between the data for 300pum brain slices
312 and measures made without a brain slice (p = 0.981). It is relevant that the way the
313 recordings were made — nucleated patches were pulled from cultured neurons on a glass
314  coverslip, and while they were then moved directly above the LED, they were not moved
315  closer to it in the z-axis (see discussion, and Fig 5A) - the actual distance of the nucleated
316  patch from the LED, in the recordings without a brain slice, was similar to those with a
317 300um brain slice.

318  For all measurements through brain slices, the nucleated slice was located immediately above

319  the brain slice. As such, both the physical distance from the LED, and the distance travelled

10
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320  through brain tissue increased by the same amount. These data showed that with increasing
321  thickness of brain slices, there was a highly significant drop in the light current (Table 1), and
322 collectively (excluding the “no brain slice” measurements since these were qualitatively
323  different — change in distance travelled through brain, but no change in LED distance) , this
324  reduction in light current was linear, when plotted on a logarithmic scale (Fig 3B; gradient = -
325  1.37 logunits/mm; 95% confidence interval, -1.75 to -0.985). This corresponds to a 10-fold
326  drop in illumination when light traverses 732um of tissue, indicative of an exponential decay
327  with a space constant = 317um (95% CI, 248-441um).

328 Pairwise Comparisons | p-value
329 Table 1. Comparison of the mean corre n 0 pm vs 300 pm 0.981
330 caleulated lioh — " 0 pm vs 500 pm 0.002
calculated from light passing through | n 0 pum vs 700 um <0.001
331 slices of varying thickness. All p-values e | 300 pm vs 500 pm 0.003
332 calculated with a Tukey-Kramer test. 300 pm vs 700 pm <0.001
333 500 pm vs 700 pm 0.041
334

335  Direct visualization of light attenuation passing through brain tissue

336  We compared the nucleated patch measurements to our previously published data derived by
337  visualising the illumination directly (Dong et al., 2018). Our approach is illustrated in Fig 4.
338 In short, we observed the pattern of scattered light, orthogonal to the direction of light
339  penetration. Photomicrographs of the tissue allowed estimates of the illumination contours,
340  as it was attenuated, with increasing distance from the source (Fig 4E). Measuring along the
341  central line of illumination, we estimated the attenuation of light intensity to fall
342 exponentially with a space constant of 453um (95% confidence interval = 304-895um, Fig
343 1F). This represents about a 36% increase over the nucleated patch measures, although note

344  that the 95% CIs of both measures show considerable overlap.
345

346  Figure 4. Estimating light penetration through tissue, by direct visualization.

347  (A) Schematic illustration of the experimental arrangement, showing the illumination of a
348  rodent brain slice from its lateral edge, and the observation of the light penetration from
349  above. (B) Photograph of the experimental arrangement, showing the brain slice (a-b),
350  located in a perfusion bath (c), with light being delivered through an optic fibre (d). (C and
351 D) Visualization through the microscope objective. (E) Contour map of the visualised light
352 spread through the tissue, viewed from above. (F) Relative light intensity (normalised to the
353 red data points), orthogonal to the centre of the illumination (dotted line in E).
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354 Discussion

355  We have presented two different approaches to estimating light penetration through brain
356  tissue, one utilizing nucleated patches, as biological light sensors, and the other involving
357  direct visualization of the light, orthogonal to the light source. An added benefit of the
358  former approach is that the measuring device is itself highly relevant to the optogenetic
359 application, since it involves optogenetic proteins embedded inside the patch of membrane.
360 This showed appreciable activation of the protein by LED illumination passing through

361  hundreds of microns of brain tissue.

362 There are, however, some interpretative difficulties associated with both measures, as
363  illustrated in the schematics in Fig 5, and which account for the small differences between the
364  estimates of light attenuation derived from the two experimental approaches. The direct
365  illumination estimate is compromised by significant reflection back into the tissue, from the
366  cover slip underneath, which the light hits at a very shallow angle (Fig 5A). This serves to
367  focus more light onto the distant tissue, than arrives directly, and consequently, the decay

368  profile is probably steeper.
369

370  Figure 5. Factors affecting the delivery of light from LED. (A) Schematic illustrating the
371  reflection of the bottom of the tissue chamber, that would lead to an overestimation of how
372 far light spread through the tissue. (Bi) Schematic illustrating the nucleated patch
373  experimental arrangement, when there was no brain tissue. The important detail is that,
374  because the nucleated patches are pulled from cultures grown upon a glass slide, and then
375  translocated only in a horizontal direction, the effective distance from the LED is almost
376  exactly as for the case when a 300um brain slice is present. Moving the nucleated patch
377  closer to the light source is extremely problematic, because the glass bottom of the chamber
378 is invisible, and electrodes are very easily broken on it. (Bii) Schematic illustrating the
379  scatter of light. Note that the light will be scattered away from the direct illumination path to
380  the nucleated patch, but this effect is offset to some considerable degree by light being
381  scattered in a forward direction, back on to the patch. This light follows a longer path, of
382  course, but the current measured does not distinguish this fact.

383

384  The decay in irradiance (i.e. radiant energy per unit area) is typically modelled as an

385  exponential decay, as per the Beer-Lambert Law (Vo-Dinh, 2015):
386 O = Pyet”

387  Where @& represents the photon flux intensity. . is the extinction coefficient and consists of

388  both scattering and absorption i.e. y, = ugs + 1, If we assume an exponential relationship,
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389  then the space constant (t = l/extinction coefficient, ) is estimated to be 453um (g, =

390  2.2mm'), although as just mentioned, this may be an overestimate.

391  The nucleated patch experiments presented a different anomaly, because we measured no
392 apparent difference in illumination intensity measurements with 300pum brain slices versus
393  those without any intervening brain slice. This can be explained in two ways: first, the actual
394  distance from the LED was the same in both cases, and second, the main scattering is
395  forward, meaning that while light might be scattered away from the nucleated patch, other
396  light is scattered on to it, meaning that the total amount of light was barely changed. For the
397  500um, and 700pm brain slice recordings, the nucleated patch was further from the LED (in
398  all cases, the nucleated was immediately above the slice), and so these did represent both an
399  increased physical distance from the LED, and also further distance that light traversed brain
400 tissue. In short, the measurements without brain slices clearly represent a different case, so
401  we excluded these from further analyses, and calculated the effect of increasing brain slice
402  thickness by fitting only the data sets with brain slices present, normalizing these to the
403  300um brain slice measurements. These were linearly arranged, when plotted on a semi-
404  logarithmic plot, indicating a space constant of 317um (equivalent to an extinction

405  coefficient, g = 3.1mm").

406  Past exploration of the extinction coefficient in tissue (as per table 2) has shown that the
407  scattering coefficient p; ~ 10 — 30 mm™!, whereas the absorption coefficient u, ~ 0.01lmm-!.
408  As such this component is typically ignored. There are some complications in that the tissue
409 is not homogeneous. For example, Wang et. al. (Wang et al., 2017) has shown that the
410  scattering coefficient varies significantly across the grey matter, but, more typically,
411  scattering coefficients are taken as an average for tissue types — e.g. grey matter, white

412  matter, for given animal species. Table 2 lists the recent measurements of L.

413  Table 2
Tissue A (nm) He = Mot (mm ) Reference
Mouse cortex 453 15-18 (Al-Juboori et al., 2013)
Mouse cortex 528 15-18 (Al-Juboori et al., 2013)
Human grey matter 470 11 (Yaroslavsky et al., 2002)
Bovine grey matter 633 22 -28 (Taddeucci et al., 1996)
Swine grey matter 633 16 - 19 (Taddeucci et al., 1996)
Mouse cortex 473 21.1 (Yona et al., 2016)
Mouse cortex 453 6.1 (Aravanis et al., 2007)
Rat cortex 500 14-15 (Gysbrechts et al., 2016)
Rat cortex 532 17 (Azimipour et al., 2014)
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414  Extinction coefficient measurements from previous studies. Note that the extinction
415  coefficient, u,. is approximately equal to the scatter coefficient, u; because the absorption
416  coefficient, u,, is much smaller than u,.

417

418  On initial inspection, our two approaches yield estimates of the extinction coefficient (M, =
419 2.2 and 3.1mm! respectively) that appear much smaller than these previous estimates (Table
420  2); that is to say, our data suggests that light penetrates further into the tissue, so it is

421  important to consider what is the source of these differences.

422 A key consideration is the emission profile of the light, for a given light source. Notably, all
423  the studies listed in Table 2 used a collimated light beam, as their light source, for which
424  scattering causes divergence from the primary beam profile, thus diluting the irradiance
425  (radiant power per unit area). To take this into account, Aravanis et al (2007) used a slightly
426  different model, the Kubelka Munk model (Vo-Dinh, 2015) to explore light traversal.

427  In contrast, our study used an LED, which is not a collimated emitter; rather, it emits light in
428 a Lambertian manner. In this case, light already emits at every angle with a spherical
429  emission profile, as per Fig 5Bii, and this greatly reduces the effects of forward scattering.
430  The reason for this is as follows. In homogeneous media, with particles much smaller than
431  the wavelength of light, scattering will be isotropic; that is to say, all scattering directions
432 have equal probability. This is known as Rayleigh scattering. However, in brain tissue,
433  wvarious particles including proteins and cellular organelles are larger than the light
434 wavelength, resulting in “anisotropic scattering” with a significant preference for the forward
435  direction. The directionality of the light scattering is given by the anisotropy term, g, which is
436  a measure of the proportion of light still going forward, after a scattering event (Vo-Dinh,
437  2015). For the studies listed in Table 2, g is estimated to be 0.86 — 0.9 (Al-Juboori et al.,
438  2013; Yaroslavsky et al., 2002; Yona et al., 2016). However, for LED emission profiles, the
439  forward scattering does not significantly affect the beam decay, because almost as much light
440  is scattered back into the direct path as is scattered out. The reverse backscattering thus
441  becomes the dominant term, and can be estimated from g, by substituting the reduced

442  scattering factor, g in place of ug (Hamdy et al., 2017), as follows:

443 ps = (1 — g)us

444  If we assume our measurements are primarily of backscattering, with relatively little effect
445  from forward scattering, then to align our measurements to these previous ones, we should
446  multiply our estimates of . (2.2 and 3.1mm ! respectively) by 1/(1-g) (i.e. by a factor of 7.1-

447  10), which brings our estimates closely in line with those shown in Table 2. The notable
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448  conclusion, however, is that if one starts with a dispersed light source, the subsequent

449  extinction profile appears to be far less steep than for a collimated light source.

450  One additional factor relevant to the in vivo situation, but not measured here, is the absorption
451  of light by blood (Dunn, 2014). Given the highly anisotropic nature of the brain vascular
452  supply at the sub-millimeter scale relevant to this discussion (Blinder et al., 2013), a
453  generalized estimate of this effect is not easily measured empirically. Rather, the approach
454  should be to model the length of the light path travelled, before encountering a blood vessel,
455  for different tissues. This will further reduce the light penetration relative to our
456  measurements, and this effect may be worsened if placement of an optrode induces local

457  vascular reorganization.
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